Abstract-Shunt capacitors are deployed for power factor correction (PFC) to reduce the load reactive power and to provide voltage support. Nonlinear loads, such as variable speed drives, can inject harmonics into the network. If the line impedance value produces a resonance with the PFC capacitor and the injected frequency coincides with the resonant frequency, an overvoltage is produced across the capacitor, which can lead to failure or explosion. To protect the PFC capacitor, a reactor can be connected in series with the PFC capacitor and tuned at the harmonic frequency of the system resonance. This paper proposes the use of a high temperature-superconducting reactor (HTSR) as the tuned reactor. The reactor will have an extremely high-quality factor (Q) compared to the normal reactor that can never be manufactured commercially with such a high Q. The performance of the HTSR reactor in terms of its ability to protect the capacitor from overvoltage and to reduce power losses has been investigated. The results are compared with those using the conventional (low Q) reactor and show that the HTSR can significantly improve filter performance and reduce power losses in the filter.
I. INTRODUCTION

P
OWER factor correction (PFC) capacitors are used in industrial plants to improve power factor and to support voltage. It is well known that an overvoltage may lead to capacitor failure and an excessive voltage can lead to capacitor explosion [1] . Many real case examples of PFC capacitor failure have been reported in [2] - [5] . The failure can be caused by (i) switching events and faults [6] , (ii) problems in the capacitor bank switching control board [11] , and (iii) a parallel resonance between the PFC capacitor and the system line inductance [7] - [10] . The excessive voltage across the PFC capacitor imposed by those events can exceed its allowable contingency continuous overload limits [12] - [14] . The authors are with the Australian Power Quality and Reliability Center, School of Electrical, Computer and Telecommunications Engineering, University of Wollongong, Wollongong, NSW 2522, Australia (e-mail:, mmi818@ uowmail.edu.au; soetanto@uow.edu.au; kashem@uow.edu.au).
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Digital Object Identifier 10.1109/TASC.2019. 2895269 Parallel resonance has been documented as the main cause of such failures [3] - [9] . This occurs due to the continuously varying system impedance as lines, switched reactors, and varying loads are switched in and out [9] . Further, power electronics loads, such as rectifiers, variable frequency drive, and adjustable speed drives in the grid produce huge harmonics, which can cause poor power quality. Furthermore, when the line impedance resonates with the PFC capacitor, an injected harmonic current at exactly the same resonant frequency can amplify the voltage across PFC capacitors, that can cause the tripping or explosion of the capacitor [2] - [5] . Due to its randomness, these events had been a mystery to the PFC capacitor owners. It is difficult to predict when the parallel resonance will form, but it is important that the PFC capacitor be protected against such an event.
In [15] , a hybrid anti-resonance system is proposed to shift the parallel resonant frequency from the frequency of the injected harmonic. The most effective method to achieve this is the use of passive tuned filters. Adding a series reactor with the existing PFC capacitor can form a tuned filter. All reactors will have resistances, which cause power losses [16] . The reactor's resistance is defined by its Q. The Q of the reactor is defined as the ratio of its reactance at the tuned frequency to its resistance. The higher the value of Q is, the better is the quality of the reactor and the lesser is the loss. A reactor with a Q between 40 and 100 can be purchased from the market. A reactor with a higher value will not only cost more, but it may not be available commercially. Furthermore, the higher the Q of the reactor in a passive tuned filter is, the more the bandwidth of tuned filter is reduced, such that the tuned circuit becomes sharper and the resonance width is more reduced.
Recently, a High Temperature superconductor (HTS) reactor with almost zero resistance has been manufactured. In [17] - [21] , the features of a typical HTSR including physical parameters, electro-magnetic properties, and operating temperature are described. In [22] , it is suggested that a cryogenic cooling system is required in an HTSR to handle the temperature. The Q of the HTSR will be extremely high. Significant benefits of using the HTSR in a tuned filter can be obtained, such as low power losses, better tuned filter and better shifting of the parallel resonance frequency from the frequency of the injected harmonic. A comprehensive literature review has shown that no paper has reported this potential novel application of a HTSR in a tuned filer.
This paper investigates the potential benefits of using the HTSR to protect the PFC capacitor from overvoltage due to 1051-8223 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. harmonics and system resonance. The main contribution of this paper is the recognition that the use of HTSRs in passive tuned filters can produce significant benefits in terms of lower losses, better filtering and the ability to mitigate overvoltage in PFC capacitors that can lead to a failure or explosion.
II. PROBLEM STATEMENT OF PARALLEL RESONANCE AND ITS FILTERING
The input current in a typical industrial application of a VSD produces a phase displacement between the fundamental voltage and current leading to a low displacement power factor (DPF), which may not be acceptable by the power utility. A PFC capacitor will be required to improve the DPF and for voltage support. Further, passive tuned filters will need to be installed to reduce harmonics produced by VSD. The PFC capacitor is usually used for the harmonic filter. Fig. 1(a) shows the test system that comprises a three-phase variable power supply connected to a nonlinear load, in the form of a VSD supplying a dc motor with a rating of 175 W, 220 V, 1500 rpm and the HTSR tuned filter. The VSD is used to control the speed of the dc motor at around 1200 rpm. At first, Fig. 1(a) without the HTSR is simulated using MATLAB Simulink. The parameters, based on the available LabVolt training system in the laboratory, are summarized in Table I . Fig. 1(d) shows the terminal voltage (V t ) and the source current (I s ) in phase a. Fig. 1(f) shows the phase displacement between the fundamental components of V t and I s as 40°. Therefore, the DPF is cos(40°) = 0.766 lagging. This DPF will be unacceptable to the power utility, which will require the installation of a PFC capacitor. The rectifier current, shown in Fig. 1(e) , is the same as I s , and contains dominant low order harmonics (such as 5th, 7th, 9th, 11th and 13th, etc.), which are obtained by the Fast Fourier Transform (FFT) as shown in Fig. 1(g) . The total harmonic distortion (THD) of I s is also very high, almost 28.27%, which may not be acceptable to the power utility. The per phase apparent power for the VSD is calculated from V t rms and I s rms and found as 27.56 VA. Its per phase reactive power requirement due to its DPF is also calculated and found as 17.72 VAr. To provide this reactive power, a 0.66 μF is connected in shunt with the VSD, and the firing angle is controlled to maintain acceptable DPF.
The VSD can be considered as an injected harmonic current source as shown in Fig. 1(b) , where V s is assumed to be a balanced three-phase source operating at 50 Hz. Since the source contains no harmonic voltages, the PFC capacitor, C f , is in parallel with Z s and can resonate at the natural frequency, f n , which can be defined by equation (1):
Any harmonic frequency equal to f n will cause a high impedance, close to Ý, of the parallel circuit, and a small harmonic current can cause a significant overvoltage across the capacitor. To solve this problem, a reactor L f in series with C f , shown in Fig. 1(c) , can be tuned to the harmonic frequency. R f is the internal resistance of the reactor. The value of the reactor inductance can be obtained using equation (2) , where ω h corresponds to the harmonic frequencies.
III. SIMULATION RESULTS
In this paper, three case studies have been investigated. Firstly, the system has no parallel resonance at any of the injected harmonic frequencies with the reactor in series with the capacitor tuned at the 5th harmonic frequency. Secondly, a parallel resonance occurs between the system and the PFC capacitor at the 5th harmonic frequency without the tuned reactor. Finally, the impact of introducing the tuned reactor on the parallel resonance at the 5th harmonic frequency is investigated. The impact of using the HTSR with almost zero resistance is assessed in terms of its ability (a) to reduce power loss, (b) to improve filtering and (c) to shift the parallel resonance frequency from the frequency of the injected harmonic. The results have been compared with those using the commercial reactor with Q of 96.4.
A. Impact of Adding PFC Capacitor to a System
The PFC capacitor is connected in shunt with the VSD to reduce its reactive power requirement. Simulations have been carried out on the test system shown in Fig. 1(a) . Fig. 2(a) shows fundamental components of the terminal voltage (V t ) and the source current (I s ) which are almost in phase. The I s is affected by the introduction of the PFC capacitor with slightly elevated harmonic current, as shown in Fig. 2(b) , as some harmonic currents are now flowing through the PFC capacitor. I rec is found to be same as in Fig. 1(e) , as the addition of the PFC capacitor does not alter the operation of the rectifier.
B. Impact of making the PFC capacitor a tuned filter
A reactor (L f = 0.614 H, R f = 10 Ω) with Q factor of 96.4 (Q = ω h L f /R f = 314 × 5 × 0.614/10 = 96.4), is connected in series with the PFC capacitor to form a tuned passive filter which is tuned to 5th harmonic. Fig. 2(c) shows that I s and V t are still in phase. The 5th harmonic of I s , as shown in Fig. 2(d) is greatly reduced due to the filter action, but the other harmonics generated from the nonlinear load remain same.
The tuned reactor with Q of 96.4 is then replaced by the HTSR coil with Q of 10000, where the resistance is now calculated to be 0.0964 Ω. Fig. 2(e) shows V t and I s , which are similar to those in Fig. 2(c) . Fig. 2(f) shows the FFT of I s with the new reactor, and it shows that with Q = 10000, the 5th harmonic component is reduced by more than 86% compared to that with Q = 96.4.
C. Impact of the Fifth Harmonic Parallel Resonance
The source impedance is designed to form a parallel resonance with the PFC capacitor at the fifth harmonic. The parallel resonance causes the peak voltage to be 538.8 V, which is 3.59 times greater than the PFC capacitor with normal operating voltage, and this can lead to a capacitor failure or a capacitor explosion. The V t and I s have become distorted as shown in Fig. 3(a) . The VSD can no longer capable of controlling speed of the dc motor load. Fig. 3(b) shows the harmonic components in I s are affected due to the parallel resonance, causing a very high THD of 876.24%. Fig. 3(c) shows that the fifth harmonic filter (Q = 10000) has reduced V t substantially to 155 V peak. Because of the filtering action, the 5th harmonic components in the I s have been reduced to almost zero as shown in Fig. 3(d) . The rectifier current has returned to normal, which means normal operation of load, and the THD of the source current has been reduced to 3.25% as shown in Fig. 3(d) .
D. Impact of the Fifth Harmonic Filter with Fifth Harmonic Parallel Resonance
E. Comparison of Results in Different Scenario
A comparison of 5th harmonic voltage and currents in the system without and with filter (Q = 96.4) has been shown in Table II . It shows that the filter has reduced the 5th harmonic component for I s by 86.3%, and for V t by 83%, while I c is increased by 1245% and a small change is occurred in I rec . Table II also compares that the 5th harmonic component in I s reduces to negligible value with the filter having Q = 10000. Table II also shows that, compare to normal operating value, the 5th harmonic components due to parallel resonance are in- One solution to this is to use of an HTSR in series with the PFC capacitor to force the 5th harmonic current from the VSD to flow through the filter, and the system parameters reduce to acceptable limit as shown in Table II . Clearly further protection needs to be provided for the other harmonics as well; so it is envisaged that a 5th, a 7th, a 11th harmonics passive tuned filter and a high pass filter will be required to protect the capacitor from overvoltage due to parallel resonance at the same frequency. This will further reduce the THD of the source current.
F. Filter Power Loss Estimation
To assess the loss, the power loss in the filter resistance is estimated and is found to be 0.0528 W (Q = 96.4), which is equivalent to 462.49 Wh energy losses per year. A significant reduction in the HTSR filter (Q = 10000) power loss is observed. In this case, the power loss is found as 0.00051 W, which is equivalent to 4.459 Wh energy losses in a year.
IV. EXPERIMENTAL VERIFICATIONS
A. Experimental Setup
To validate the performance of the filter, an experimental setup using the power electronic modules of the LabVolt training system was developed as shown in Fig. 4(a) . The system parameters are the same as the parameters used for the simulation as given in Table I . The firing angles of the three-phase thyristor module (used as VSD) are controlled by the firing angle control unit. The voltage and current wave shapes, and their harmonic contents are observed using the LabVolt Data Acquisition and Control for Electromechanical Systems (LVDAC-EMS). The power is analysed with a power analyser (PowerXplorer-DRANETZ-BMI). Fig. 4(b) shows the terminal voltage (V t ) and the source current (I s ) in phase a with the filter. The measured DPF is 0.756 lagging. The I s contains the dominant low order harmonics (such as 5th, 7th, 9th, 11th and 13th, etc.), as shown in Fig. 4(d) . The measured THD of I s is 27.5%, which is similar to the simulation result shown in Fig. 1(g) . Fig. 4(c) shows the waveforms of I s and V t after a 5th harmonic filter of Q = 96.4 is connected in the system. Now the DPF is 0.992 lagging, which is improved by the PFC capacitor. Fig. 4(e) shows that the 5th harmonic is reduced by 85.4%, which is comparable to the simulated results shown in Fig. 2(d) . Therefore, the experimental results validate the simulated results. An HTS coil with a resistance of 1μΩ [21] (Q > 10000) is currently being constructed and based on the above experimental results, it is expected that better results can be obtained than those shown in Figs. 3(c) & 3(d) and Table II. V. CONCLUSION This paper investigates the benefits of applying HTSR to protect the PFC capacitor from overvoltage due to harmonics and system resonance. The results from the simulation show that the HTSR would greatly help in the design of the tuned filter. The use of HTSR will significantly reduce the impact of a parallel resonance between the PFC capacitor and the system inductance. Further, the HTSR with a very low resistance could reduce significantly the power loss, improve the tuned filter performance and protect the PFC capacitor from the overvoltage due to system resonance. It is to be noted that the simulated system is very small and therefore the power loss reduction is quite small, but for an actual industrial application where the load is in MW range, therefore it is expected that a significant reduction in power loss can be achieved by the use of HTSR that will provide a substantial economic savings. Also, the Q value of the HTSR can be much higher than the chosen value (10000) used in this study. A small-scale experimental setup using the LabVolt training system was developed in the laboratory. A conventional reactor module is used as the tuned reactor with a Q factor of 96.4. The observed results from the experimental setup validate the simulation performance of the filters. An HTS coil with a resistance of 1μΩ (Q > 10000) is currently being constructed and based on the above experimental results, it is expected that better results can be obtained than those shown in Figs. 3(c) & 3(d) , and Table II. 
B. Fifth Harmonic Filtering
